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Abstract
Rotating domain wall based sensors that have recently been developed are based on a segmented
looping geometry. In order to determine the crucial pinning of domain walls in this special geometry,
we investigate the depinning under different angles of an applied magnetic field and obtain the
angular dependence of the depinning field of the domain walls. Due to the geometry, the depinning
field not only exhibits a 180◦-periodicity but a more complex dependence on the angle. The
depinning field depends on two different angles associated with the initial state and the segmented
geometry of the corner. We find that depending on the angle of the applied field two different
switching processes occur and we can reproduce the angular dependence using a simple model
calculation.
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I. INTRODUCTION
Magnetic domain walls are a of great interest for the sensor industry for their ability to
be stable at room temperature and to be easily moved by magnetic fields [[1],[2]]. Currently,
only one sensor based on domain walls is produced and sold [[2], [3]]. One of the difficulties
that needs to be overcome to use domain walls in more devices is the complex dynamics of
the domain wall behaviour in structures with different geometries [[4],[5]]. The sensor devices
are characterized by a magnetic operating window set by the nucleation field (upper bound)
and the depinning or propagation field (lower bound) in which the sensors function. The
propagation and depinning of domain walls is affected by various internal and external effects.
The edge roughness [[6],[7]], the crystallite size [8] and the variations of the topography can
affect the domain wall. In addition, the Walker Breakdown [9] changes the spin structure
of the domain wall rendering the determination of the pinning challenging. In the case of
straight wires, kinks and rings, the motion and depinning of domain walls was intensively
investigated [[10],[11],[12]]. However, polygons and segmented shapes can bring different
results as compared with smooth geometrical variations and these geometries are used in
the sensor devices. In earlier studies, it was found that the depinning field generally exhibits
a pronounced angular dependence [[11],[12]]. In [11], it was described that the switching
field is lowest when the field is tangential to the circumference of the structure at the
domain wall position. The measurement was performed in that case on circular rings without
sharp variations in the path of the domain wall. However, the influence of sharp corners in
segmented loops will impact the pinning and depinning processes and needs to be determined
to ascertain the most reliable structures for domain wall displacements.
In this paper, we report the Kerr-microscopy measurement of domain wall depinning from
corners in a segmented looping structure under different angles of an applied magnetic field.
We show that the depinning field is a function of the initial position and the segmented
geometry and explain it based on an analysis of the domain wall motion for different angles.
The samples were produced on a wafer of Si/AlOx and deposited in a magnetron sput-
tering tool. The sputtered magnetic stack consists of 1 nm of CoFe, 29 nm of NiFe and a
capping layer of 4 nm of Ta. The shape of the device was then obtained through a pho-
tolithography step and an ion milling using Ar ions. A width of 350 nm is obtained with an
edge roughness of typically 10 nm. A sketch of the geometry is shown in Figure 1.
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II. MEASUREMENT OF THE ANGULAR DEPENDENT DEPINNING FIELD
The measurements were performed on magnetic domain wall based rotation sensors,
which have a square-shaped geometry with segmented corners. They consist of 16 loops in
total starting with a nucleation pad connected to the outer wire (Figure 1). The technique
used to image is a magneto-optical Kerr effect microscope in the longitudinal mode [13]. The
orientation of the sensor under the microscope is kept fixed for the experiment as shown in
Figure 1. A magnetic field is applied and the angle between the field and the imaged stripes
is defined as 0◦ points in the x direction and at 90◦ is the -y direction.
FIG. 1. Sketch of a sensor with zoomed in bottom left and top right corners. The angle orientation
and the definition of the x- and y-axis to simplify explanations is also given. A Kerr microscopy
imaged shows the observed wires with the magnetic contrast visible.
To carry out the depinning experiment, domain walls are nucleated in the structure and
positioned in the segmented corners. This is done by the application of a strong magnetic
field along an angle of 135◦ (Figure 1). When the magnetic field is reduced to zero, the
magnetization relaxes to a state with domain walls in the top right and bottom left corner
that are shown in Figure 1.
After the initialization, the angle of the applied field with the imaged stripes was set to
a constant value between 90◦ and -90◦ and the field was increased until a contrast change
could be observed in the observed wires. The angle was then varied by 2◦ and the operation
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was repeated. For each angle this procedure was repeated ten times, so at each angle there
was an average of 80 values due to the eight wires observed by the Kerr microscopy imaging
(see Figure 1). For our purposes the mean of the depinning field was taken from the observed
eight wires for each angle. The result of the measurement of the field at which the wires
reverse as a function of the applied field direction can be seen in Figure 2.
FIG. 2. Measurement and fit of the angular dependency of the switching field.
To simplify the analysis, only the abrupt reversal in the observed wires was detected and
the field values for this event are plotted. First, we see that the depinning field diverges at
±90◦, this can be explained by the Zeeman energy and is due to the probed field of view of
the sensor.
EZeeman = −µ0
∫
V
~M · ~Hext dV (1)
In Equation 1, ~M is the magnetization and ~Hext is the applied external magnetic field.
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For the magnetization of the wires being aligned along the wire axis due to the shape
anisotropy, the applied field is orthogonal to the magnetization. Therefore, neither depinning
nor nucleation of the domain walls can be imaged in the observed wires for these field
directions. To explain the angular dependence, we divide the graph into different sections
and in particular the angle range between 90◦ and -90◦ is divided in three different parts
based on the movement of the different domain walls and the resulting switching processes
occurring for the different field angles.
(I) In the first range between 90◦ and 0◦, the -y-component is in the same direction as the
vertical parts of the loops. The domain walls located in the corners will move horizontally
as schematically shown in Figure 3a where the displacement direction of the walls is shown
by green arrows.
(II) In the range between 0◦ and -45◦, the x-component of the applied magnetic field
is stronger than the y-component and both are in direction opposite to the current mag-
netization configuration at the domain wall position. Therefore, the domain walls at the
bottom left corner move first to the right and the ones in top right to the left thus changing
the magnetization direction in the observed wires (Figure 3a). The motion is thus anti-
clockwise. In a second step, the domain wall in the top wire moves down and the one in the
bottom wire moves up. This part is not shown schematically as it is not imaged because
the magnetization in the observed wires (Figure 1) is not affected.
(III) Finally, between -45◦ and -90◦, the domain walls also move in a two-step process.
First, they move in the vertical direction because the y-component of the field is stronger
than the x-component (first step in Figure 3b). Then, if the x-component of the applied field
is sufficiently high, the domain walls can also depin from the new position in the corners
in a second step (also shown in Figure 3b) and move horizontally and therefore a contrast
change in the observed wires can be detected. The sense of rotation of the wall movement
for this angle range is clockwise.
(IV) An interesting feature appears at -45◦. At this angle, the applied magnetic field
is exactly anti-parallel to the initial position of the domain walls. Therefore, at -45◦, the
Zeeman force pushing the domain wall horizontally is equal to the one pushing it vertically
thus the total acting torques lead to the domain wall being in a metastable equilibrium
position. But the measured field values for the switching do not completely diverge. There
are two possible explanations for this behaviour: The nucleation of new domain walls or the
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depinning due to inevitable asymmetries in the geometry and domain wall structure. The
detected field value in our system is 29 mT, which is also the field needed to nucleate new
domains starting from a spin structure without domain walls so that we identify nucleation
as the process.
FIG. 3. a) Sketch of the domain wall propagation in the range of 90◦ to -45◦. b) Sketch of the
two-step domain wall propagation process in the range of -45◦ to -90◦. The domain walls are
indicated by red arrows and their movement directions by green arrows. The black arrows indicate
the magnetization directions in the looped wires. The opposite displacement direction for a) and
b) is indicated as well in thick red.
Furthermore we see that the local minimum in the depinning field at -67.5◦ is not as low
as at -22.5◦. This asymmetry can be explained by the fact that the depinning field from the
-45◦ angle goes down while the field is rotated to -90◦. However, as the field approaches -90◦,
the detection of the depinning of domain walls in the observed wires becomes increasingly
difficult.
Generally the depinning field depends on the component acting in the direction of the
displacement (sine dependence) as shown in [11]. As a result of the geometry, the depin-
ning field depends here on two angles: Since the sensors are square-shaped, the angular
dependence has a 180◦-periodicity, and due to the position of the observed wires, there is a
divergence at ±90◦ (Equation 2). Furthermore due to the positioning of the domain walls
in the initial state (IV) there is the divergence at 135◦ and -45◦, which results in another
depinning field, depending on this angle (Equation 3):
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B1(α) =
∣∣∣∣ 2mTsin(α− 90◦)
∣∣∣∣ (2) B2(α) = ∣∣∣∣ 2mTsin(α− 135◦)
∣∣∣∣ (3)
We see that the depinning field is always the maximum of the two fields and this repro-
duces the experiment well (Figure 2). This also shows that in our geometry the depinning is
different from previous studies with simpler geometries [11]. There, the minimal depinning
field was with the applied field tangential to the wire, where the domain wall is located. In
our case that would be at an angle of 45◦. This deviation is a result of the different shape
of the sensor. In the circular wire (ring), all directions are equal. In contrast, with the
square-shaped sensor and the segmented corner, there are selected directions that dominate
the pinning governed by the directions of the segments (see Figure 1), which results in the
lowest depinning field at 22.5◦.
III. CONCLUSION AND PROSPECTS
Summarizing, the angular dependence of the depinning and propagation of magnetic
domain walls is highly geometry related. In particular the observed wires (Figure 1) reverse
by the domain walls arriving for different angle-ranges from different directions. Between
90◦ and -45◦ the domain walls propagate directly through the observed wires, due to the
initial domain wall position ((I),(II)). In the range from -45◦ to -90◦ there is a two-step
process necessary to change the magnetization in the observed wires (III), which leads to a
local depinning field minimum at -67.5◦. With our square-shaped sensors and the initializing
field at 135◦, at the two angles ±90◦ and -45◦ no reversal by depinning and propagation of
domain walls is observed. In contrast to ±90◦, at -45◦ the nucleation of domain walls in the
wires governs the switching of the magnetization. The superposition of the depinning fields
for these angles yield a minimum at 22.5◦, which is not tangential to the wires, where the
domain walls are initialized, showing a clear difference to the behaviour of circular rings,
which can be ascribed to the segmented corners.
Further investigations have to reveal, if the peak at -45◦ is only related to the initializa-
tion. This can be achieved by initializing the sensor for example at 112.5◦ instead of 135◦
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(Figure 1). If the peak occurs at -67.5◦, the theory of the correlation between initial state
and the peak will be confirmed for this sensor geometry. The understanding of the depin-
ning mechanism in segmented loops will improve the magnetic operating window. Indeed,
an engineering of the number of segments is likely to lead to a lower depinning field and a
larger operating window.
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